At the level of organ formation, tissue morphogenesis drives developmental processes in animals, 18 often involving the rearrangement of two-dimensional (2D) structures into more complex three-19 dimensional (3D) tissues. These processes can be directed by growth factor signaling pathways. 20
Introduction 35
Formation of complex 3D tissues from simpler 2D precursors is a basic theme in animal 36 development. 3D architecture formation often involves epithelial morphogenesis, a key process in 37 animal development. Evolutionarily conserved growth factor signaling frequently contributes to 38 these processes. Although how the cellular mechanisms of developmental signaling affect cell and 39 tissue shapes has been actively studied, much less is known about how signaling and dynamic 40 morphogenesis are mutually coordinated (1). Recent advances have indicated how morphogenesis 41 and signaling can be coupled; for example, epithelial structures such as a lumen or villus can 42 regulate the distribution of signaling factors to alter pathway activity (2-4). However, it remains to 43 be addressed how the dynamic 3D tissue architecture affects developmental signaling in a precise 44 spatiotemporal manner. 45
In vertebrate development, one such example of dynamic 3D architecture formation is tissue 46 fusion, when two apposing tissues approach one another and fuse to form a continuous tissue. This 47 type of process is crucial for the correct formation and functions of many organs and tissues, 48 including the face, neural tube and eyes (5) (6) (7) (8) . Disruption of fusion leads to various birth defects, 49 including cleft palate, neural tube defects and disorders of eyelid formation (9) (10) (11) . Although the 50 molecular mechanisms of tissue fusion are likely to be context-dependent, many of the tissue fusion 51 events may share similar mechanisms. Prior to fusion, cellular events such as cell proliferation, 52 apoptosis, migration and epithelial-mesenchymal transition must be coordinated in space and time. 53
One of the best characterized systems of tissue fusion is the palate, the tissue that separates 54 the oral cavity from the nasal cavity and forms the roof of the mouth. During mammalian 55 embryogenesis, palatogenesis is regulated by a network of signaling molecules and transcription 56 factors to tightly regulate cellular processes (6, 12) . Many studies, in both humans and mice, have 57 identified transforming growth factor (TGF)-ß3 as a key signaling factor regulating palatal fusion 58 (13) (14) (15) . Mice deficient in TGF-ß3 show fully penetrant cleft palate phenotypes, providing an 59 animal model with which to study TGF-ß3 function in palatal fusion (13) . TGF-ß3 is expressed in 60 the medial edge epithelial cells prior to adhesion of the opposing palatal shelves, and continues to 61 be expressed during palatal fusion (16) . By using a method of palatal shelf organ culture, it has been 62 demonstrated that co-culture of a TGF-ß3 null mutant palatal shelf with wild type palatal shelf 63 resulted in fusion (17) . This result suggested that TGF-ß3 produced in wild-type palatal shelf 64 diffused across and rescued the TGF-ß3 mutant shelf, permitting/facilitating fusion. 65
In Drosophila, wing development is a classical model in tissue morphogenesis. The larval 66 wing imaginal disc has been used as a model to address the molecular mechanisms underlying 67 tissue proliferation and patterning. Decapentaplegic (Dpp), a Bone Morphogenetic Protein (BMP) 68 2/4 type-ligand and member of the TGF-ß family of signaling molecules, has been implicated in 69 regulating a diverse array of developmental events including wing disc development (18) . During 70 the larval stage, dpp is transcribed in a stripe at the anterior/posterior compartment boundary of the 71 wing imaginal disc, and Dpp forms a long-range morphogen gradient that regulates tissue size and 72 patterning (19, 20) . Dpp signaling is needed for tissue proliferation, and Dpp activity gradient 73 formation is crucial for patterning during the late third instar larval stage (21, 22) . These processes 74 largely take place in a 2D space, the single cell layer of the wing imaginal disc epithelium. 75
During the pupal stage that follows, the wing imaginal disc everts to become a two-layered, 76 3D wing composed of dorsal and ventral epithelial cells (23) (24) (25) (26) . Previous studies have suggested 77 that pupal wing development is divided into three phases during the first day of pupal development 78 (25, 27, 28) . In the first phase, first apposition (0 -10h after pupariation (AP)), a single-layered 79 wing epithelium everts and forms dorsal and ventral epithelia to become a rudimentary two-layered 80 wing. In the next phase, inflation (10 -20h AP), the two epithelia physically separate before fusing 81 in the third phase, termed second apposition, at around 20h AP ( Figure 1A , Movie S1). During 82 pupal wing development, Dpp signaling is known to play a role in wing vein differentiation. This is 83 largely based on analysis of the shortvein group of dpp alleles containing deficiencies at the 5' 84 locus that manifest in partial vein loss phenotypes in the adult wing (29, 30) . Therefore, dynamic 85 morphological changes in 3D architecture are taking place during the first 24h AP, making this 86 tissue an ideal model to investigate the changes in signaling molecule directionality as a more 87 complex 3D tissue arises from a 2D precursor, and thus how 3D architecture and developmental 88 signaling are coupled. 89
In this study, we re-evaluated the function of Dpp signaling in pupal wing development. Our 90 data reveal that during pupariation, Dpp signaling is needed not only in vein differentiation and 91 patterning, but also has an unexpected key role in tissue proliferation. Specifically, Dpp expressed 92 in the longitudinal veins (LVs) diffuses laterally to regulate tissue size during the inflation stage. 93
Intriguingly, we find that as dorsal and ventral wing epithelia fuse, the direction of Dpp signaling 94 changes from lateral within each epithelium to interplanar between the epithelia. This results in 95 refinement of Dpp signaling range in the vein regions, which in turn contributes to mirror-image 96 precision of dorsal and ventral epithelial vein patterning. Dpp signaling directionality thus changes 97 from 2D lateral planar to 3D interplanar. Our data further suggest that 3D tissue architecture directs 98 the spatial distribution of Dpp/BMP signaling. These results provide new insights into the 99 mechanism of 3D morphogenesis. 100
101
Results 102
Dpp/BMP signal regulates proliferation and patterning of the pupal wing 103
To re-evaluate the function of Dpp signaling in pupal wing development, we used conditional 104 knockout approaches to remove dpp in a stage-specific manner. When the knockout was induced in 105 the wing pouch of the wing imaginal disc 24h before pupariation using a conditional dpp allele (21), 106 we found that dpp expression was efficiently ablated in the pupal wing ( Figure S1A, B ). Consistent 107 with previous reports, late third instar wing imaginal discs were of equivalent sizes in control and 108 dpp knockout animals 24h after induction, even though anti-phosphoMad (pMad) antibody staining, 109 a readout of BMP signaling, was diminished in the wing pouch ( Figure S1C , F, I) (21). Intriguingly, 110 pupal wing sizes of dpp knockout animals are significantly smaller than in controls at 24h AP, and 111 the BMP signal is lost in dpp knockout wings ( Figure S1D , G, J). Consistent with this observation, 112 adult wing sizes of dpp knockout animals are smaller than that of the control, and wing vein 113 formation is largely abolished ( Figure S1E , H, K). Recently, alternative conditional dpp knockout 114 alleles have been developed (22), which provide more rapid gene inactivation. Using one of these 115 alternative alleles, we found that BMP signaling was efficiently ablated in the pupal wing, but not 116 in the larval wing imaginal disc, when dpp knockout was induced 8h before pupariation ( Figure 1B , 117 C, E, F). As shown with the previous knockout allele, these experiments resulted in significantly 118 smaller size and loss of wing vein formation in adult wings compared to controls ( Figure 1D , G, H). 119
To verify independently that these phenotypes are caused by loss of Dpp/BMP signaling in 120 the pupal wing, BMP signal was inhibited in a pupal stage-specific manner by overexpressing Dad, 121 an inhibitory Smad (31), resulting both in reduced wing size and in loss of venation in adult wings 122 (Figure S1L, N, P). pMad signaling is also lost in the vein primordia of the pupal wings ( Fig Since pH3-positive cells are frequently observed in the intervein region, we examined how 151 dpp is expressed, and how the Dpp/BMP signal is regulated, during the inflation and second 152 apposition stages. One possibility is that a long-range Dpp signal is needed for cell proliferation 153 during the inflation stage. In order to address this question, we first investigated dpp expression in 154 the pupal wing. Similarly to wing imaginal discs, dpp is expressed at the anterior-posterior 155 boundary in the early pre-pupal wing around 5h AP ( Figure S2A ). Thereafter, expression gradually 156 changes to the positions of future LVs, where it persists until the second apposition stage ( Figure  157 S2B-D). We then measured Dpp/BMP signaling by using pMad antibody staining and brinker 158 (brk)-GFP (a GFP reporter of the regulatory fragment B14 of brk) (36). Brk is a repressor of BMP 159 signal in the wing tissue, expression of which is negatively regulated by BMP signaling (36-39). 160 Our data reveal that the peak level of pMad staining is observed centered on the future LVs, and 161 that lower pMad levels are spread throughout the intervein cells at 18h AP ( Figure 2K Taken together, these results suggest that Dpp forms an activity gradient emanating from future LV 170 cells during the inflation stage. 171
Intriguingly, the pattern of pH3-positive proliferating cells reflects patterns complementary 172 to brk expression ( Figure 2A -E). In larval wing imaginal discs, loss of brk appears to be sufficient 173 for cell proliferation (40, 41) . A recent study further suggests that low-level Dpp signaling (below 174 the level needed for substantial pMad accumulation, but enough for repressing brk expression) is 175 sufficient for tissue growth in the wing disc (22). Thus, we examined whether Brk is also a key 176 regulator of proliferation in the pupal wing. Our data reveal that overexpression of brk in the wing 177 pouch during the pupal stage resembles loss-of-function of dpp in the pupal wing ( Figure 2R -T). 178
These results indicate that Dpp trafficking takes place laterally during the inflation stage, and 179 controls cell proliferation by regulating brk expression. 180
As wing development progresses from inflation to second apposition, pMad staining 181 gradually becomes refined to the cells of future LVs, and brk-GFP expression is progressively up-182 regulated in the intervein regions ( Figure 2A -E, K-O). Moreover, HA-Dpp is found tightly localized 183 at future vein cells ( Figure 2Q -Q''). These results are consistent with previous reports that the 184 Dpp/BMP signal is restricted to LVs at around 24h AP (42). These data further suggest that while 185 the wing tissue is undergoing 3D morphological modifications between the inflation and second 186 apposition stages, the BMP signaling range and pattern are also undergoing dynamic changes. 187 We then studied conditional knockout of dpp in the dorsal layer only during pupal stages. In 229 control tissues, pMad expression, the downstream readout of Dpp signaling, shows a similar pattern 230 in dorsal and ventral tissues at both 18h and 24h AP ( Figure S3A, B) . In contrast, in the conditional 231 dpp knockout tissues, pMad expression was only observed in the ventral cells at 18h AP, and 232 thereafter detected in the dorsal cells by 24h AP (Figure 3N , O). Intriguingly, wing vein patterning 233 in conditional knockout adult wings appears largely normal, but tissue size is significantly smaller 234 than in control animals ( Figure 3P -R). These results suggest that Dpp ligands expressed in the 235 ventral epithelial layer can induce BMP signaling in the dorsal layer after re-apposition to sustain 236 wing vein development, but tissue proliferation during the inflation stage appears to require ligand 237 production in both dorsal and ventral tissues. 238 expression is observed not only in these ligand-producing cells, but also in the opposite epithelium 263 as a near-mirror image at 24h AP ( Figure 4A-D) . In contrast, pMad expression is only detected in 264 the ligand-producing cells and the flanking regions of the clones, but not in the opposite layer, 265 during wing inflation at 18h AP ( Figure S4A, B) , in support of the notion that Dpp signal 266 transduction takes place vertically after re-apposition. As a previous report reveals that a positive 267 feedback mechanism through BMP signaling is needed to maintain a short-range Dpp/BMP signal 268 in LVs at 24h AP (42), we examined whether a positive feedback mechanism is also crucial for 269 interplanar BMP signaling. When Dad was overexpressed in Dpp-expressing clones in the intervein 270 region of only one epithelial sheet, pMad expression is observed mostly in the flanking regions of 271 the clones in the same plane. In contrast, pMad is observed at the site of the clones in the opposite 272 epithelial layer in both ligand expressing cells and flanking regions ( Figure S4C, D) . These results 273 suggest that lateral signaling in the same plane is tightly regulated by active retention through 274 positive feedback mechanisms (42), and in contrast, vertical signaling between the two epithelia 275 appears to be regulated by a distinct mechanism. 276 277 As we observed interplanar signaling between apposed epithelia at 24 h AP, but not during inflation 284 at 18h AP, we asked how interplanar signaling may take place as 3D tissue architecture is formed. 285
One conjecture is that the distance between dorsal and ventral tissues may be a crucial factor in 286 interplanar signaling. The 3D architecture of the developing pupal wing rapidly changes during inflation and second apposition stages ( Figure 3A -E, Movie S2). Therefore, we assessed 288 relationships between BMP signaling and 3D architecture of the pupal wing using live time-lapse 289 imaging. Since refinement of BMP signaling can be traced by brk expression, we used Brk-GFP 290 flies to obtain time-lapse imaging of optical cross sections of the pupal wing between 18h and 26h 291 AP. RFP-labeled histone H2Av was used to monitor the position of individual cell nuclei (44) . 292
Similarly to fixed tissues (Figure 2A-E) , Brk-GFP is observed after 20h AP in intervein cells 293 (Movie S3, Figures 5A-F, S5A-F) . Importantly, the gap between dorsal and ventral tissues begins to 294 close before brk expression is observed. If refinement of BMP signaling in wing vein progenitor 295 cells and 3D tissue architecture are coupled, we expect that 3D tissue dynamics may change when 296 BMP signaling is manipulated. Our data in fixed tissues indicate that 3D architecture is different 297 from control at 24h AP when BMP signaling is disrupted in the dorsal tissues ( Figure 3K We next hypothesized that the 3D architecture of wing morphogenesis may be a key regulator of 315
Dpp signaling. To test this idea, we sought to artificially modulate the 3D structure by gently 316 squeezing the pupal abdomen at around 18h AP ( Figure 6A, Movies S5, S6 ). This resulted in excess 317 flow of hemolymph into the wing interepithelial space, causing an increased distance between 318 dorsal and ventral epithelia compared to control animals at 22h AP, and thus extending the inflation 319 stage. Surprisingly, in wings of squeezed pupae, pMad expression is not refined in sharp stripes, 320 and brk expression is less induced in the intervein region at 22h AP ( Figure 6B, C) . Consequently, 321
the proliferation phase appears to last longer, as indicated by more pH3-positive cells at 22h AP 322 than in controls ( Figure 6B, D) . Importantly, cellular distribution of HA-Dpp is altered with abdominal squeezing. In control tissues, HA-Dpp is highly localized in the future vein cells at 324 basolateral domains ( Figure 6E ). In contrast, HA-Dpp is dispersed throughout intervein cells in 325 squeezed 24h AP pupal wings ( Figure 6F ), suggesting that change of 3D architecture affects spatial 326 regulation of Dpp ligands. We also noticed that Tkv distribution, shown by expression of Tkv:YFP, 327 is affected by abdominal squeezing (Figure 6C ). Since Tkv levels have been proposed to be a key 328 component in Dpp distribution (45) Dpp morphogen signaling in the larval wing imaginal disc has been actively studied as a 2D 372 model (19, 20) . Recent studies suggest that Dpp signaling impacts both proliferation and patterning 373 in distinct manners. One study proposes that early stage Dpp signaling is sufficient for tissue 374 proliferation, and the Dpp morphogen gradient at the third instar larval stage is needed for 375 patterning (21). In contrast, a separate study suggests that Dpp signal is needed for proliferation 376 during the third larval instar, at least at a level sufficient to down-regulate brk expression (22). In 377 this study, our data suggest that Dpp signaling is required also in the pupal wing for wing cell 378 proliferation and wing vein patterning/differentiation, i.e., well after the third larval instar. This is 379 further highlighted by the fact that these processes are likely affected by the observed changes in 380 Dpp signaling directionality. During the inflation stage, active Dpp trafficking takes place laterally 381 from future LV regions to spread BMP signal throughout the tissue. The pMad staining pattern 382 indicates BMP activity gradient formation centered on LVs (that are ligand producing cells) at 18h 383 AP (Figure 2) . It is likely that proliferation rate during pupal wing development is a critical factor to 384 determine final tissue size in the adult. Our data clearly reveal that loss of BMP signal results in 385 reduction of proliferation rate, leading to smaller tissue size at the adult stage. As development 386 progresses from inflation to second apposition, both the pMad staining pattern and brk expression 387 reveal that the BMP signaling range becomes refined (Figure 2) . Strikingly, BMP signal 388 transduction actively takes place between dorsal and ventral epithelia, playing a crucial role in 389 refinement of the signaling range (Figure 3) . These findings suggest that the dynamic interplay 390 between planar and interplanar signaling is linked to coordinate tissue size and patterning. 391
One of the interesting observations in this study is that tissue size is smaller than control, but 392 overall patterning appears mostly normal, when dpp expression was ablated in dorsal cells only 393 ( Figure 3P-R) . These data clearly support our postulation that Dpp regulates proliferation and 394 patterning/differentiation in distinct manners during pupal wing development. Furthermore, tissue 395 size between dorsal and ventral layers appears to be coordinated when growth signal in only one of 396 the epithelia is manipulated, suggesting the existence of hitherto unidentified mechanisms that 397 coordinate mitosis between dorsal and ventral epithelial cells. Combined with previous studies 398 about Dpp signaling affecting growth and patterning in the larval wing imaginal disc, our data 399 reveal co-optation of the Dpp signaling pathway in the transition from a 2D anlage to a 3D organ. 400
Our key claim in this work is that formation of 3D tissue architecture and Dpp signaling are 401 tightly coupled ( Figure 6G ). We support our claim by the following experimental observations. 402
First, changes in the spatiotemporal distribution of Dpp ligand and 3D tissue architecture are 403 coupled. Our data reveal that Dpp ligand distribution changes during inflation and second 404 apposition stages (Figures 2, 4) . Importantly, spatial cellular regulation of Dpp ligand appears to be 405 under control of 3D tissue architecture (Figures 5, 6) . Second, interplanar signaling between dorsal 406 and ventral cells relies on the distance between the two layered epithelia. Our live-imaging of the 407 pupal wing ( Figure 5 ) and computer simulations (unpublished observations, S.N. and Y.I.) support 408 this claim. This has been further corroborated by changing the 3D architecture of the pupal wing 409 using the abdominal squeezing technique we developed ( Figure 6 ). Importantly, this method simply 410 changes the 3D tissue architecture of the wing without changing genetic background, and does not 411 adversely affect normal developmental timing. Although it remains to be addressed how Dpp 412 ligands move between dorsal and ventral cells, our observations suggest that the basolateral polarity 413 determinant Scribble (Scrib) may be involved in interplanar signaling (Figure S7A, B) . Since 414 previous studies showed that Scrib mediates a positive feedback mechanism between BMP 415 signaling and wing vein morphogenesis in the posterior crossvein region of the pupal wing (47), the 416 polarization of epithelial cells may play a role in interplanar signaling. Taken together, we propose 417 that pupal wing morphogenesis and Dpp signaling are coupled, and 3D tissue architecture plays an 418 instructive role in regulating the spatiotemporal distributions of Dpp signaling. 419
We suspect that mechanisms similar to those found in this study may play roles in the 420 development of many organs and tissues across species. Communication between apposed tissues is 421 likely to be crucial for many developmental processes, but has been insufficiently studied to date. In vertebrate embryo development, tissue fusion is observed when two apposing tissues 427 approach one another, and extrinsic factors are often involved in tissue fusion events (5). For 428 example, during formation of the neural tube, which gives rise to the central nervous system, the 429 neuroepithelium forms hinge points and bends on both sides in a U-shape to form the neural folds. 430
The apposed folds approach one another and come into contact to undergo a tissue fusion event that 431 results in formation of the neural tube. Localized BMP signaling plays a crucial role in this process 432 through regulating cellular signaling (48). During eyelid formation, FGF10 produced in the eyelid 433 mesenchyme is required for eyelid fusion and signals in the eyelid epithelium (11). Although it 434 remains to be addressed whether communication between apposed tissues takes place, and how 435 morphological changes and extrinsic factors are coupled, recent advances in mouse embryo ex vivo 436 culture techniques have allowed live imaging of these processes (49) (50) (51) , and hence more dynamic 437 analyses of cellular behaviors during the various fusion processes should be possible. 438
Furthermore, it is likely that organogenesis from stem cells and tissue self-organization 439 require related mechanisms (52, 53) . Characterizing coupling mechanisms between extrinsic signals 440 and morphological changes may therefore further enhance our understanding of organogenesis and 441 morphogenesis. 442
In summary, our data provide novel insights into how dynamics of 3D tissue architecture 443 instruct spatiotemporal regulation of BMP signaling. We surmise that the concepts highlighted in 444 this work may be generally applicable to molecular mechanisms of animal development, as well as 445 organogenesis from stem cells. To generate the dpp FO mutant, mid-3rd instar larvae, raised at 18̊C for 7-8 days after egg laying 602 (AEL), were shifted to 29̊C for 8h (dpp FRT.CA ) (22) or 24h before pupariation (dpp FRT.TA ) (21). Then 603 the late-3rd instar larvae and white prepupae were subjected to the subsequent experiments, 604 including immunostaining and in situ hybridization. 605
For exogenous expression of Dad or shRNA at pupal stages, white prepupae raised at 18̊C or room 606 temperature were shifted to 29̊C, and the pupae of indicated ages were collected and subjected to 607 the subsequent experiments. 608
For MARCM analysis, flies were maintained at 25̊C throughout development, except for heat-609 shock treatment. Three days AEL, 2nd instar larvae underwent heat shock for two hours in a 37̊C 610 water bath. Thereafter, white prepupae were collected, and those aged to 24 hours were fixed and 611 subjected to immunostaining analysis. 612
Pupal wings were dissected at developmental timepoints equivalent to 25̊C. Calculations for 613 developmental timing at 29̊C were based on previously published data (54). 614 
Full genotypes 615

